Zhong Z, Ramshesh VK, Rehman H, Currin RT, Sridharan V, Theruvath TP, Kim I, Wright GL, Lemasters JJ. Activation of the oxygen-sensing signal cascade prevents mitochondrial injury after mouse liver ischemia-reperfusion. Am J Physiol Gastrointest Liver Physiol 295: G823-G832, 2008. First published September 4, 2008 doi:10.1152/ajpgi.90287.2008.-The mitochondrial permeability transition (MPT) plays an important role in hepatocyte death caused by ischemia-reperfusion (IR). This study investigated whether activation of the cellular oxygen-sensing signal cascade by prolyl hydroxylase inhibitors (PHI) protects against the MPT after hepatic IR. Ethyl 3,4-dihyroxybenzoate (EDHB, 100 mg/kg ip), a PHI, increased mouse hepatic hypoxia-inducible factor-1␣ and heme oxygenase-1 (HO-1). EDHB-treated and untreated mice were subjected to 1 h of warm ischemia to ϳ70% of the liver followed by reperfusion. Mitochondrial polarization, cell death, and the MPT were assessed by intravital confocal/multiphoton microscopy of rhodamine 123, propidium iodide, and calcein. EDHB largely blunted alanine aminotransferase (ALT) release and necrosis after reperfusion. In vehicle-treated mice at 2 h after reperfusion, viable cells with depolarized mitochondria were 72%, and dead cells were 2%, indicating that depolarization preceded necrosis. Mitochondrial voids excluding calcein disappeared, indicating MPT onset in vivo. NIM811, a specific inhibitor of the MPT, blocked mitochondrial depolarization after IR, further confirming that mitochondrial depolarization was due to MPT onset. EDHB decreased mitochondrial depolarization to 16% and prevented the MPT. Tin protoporphyrin (10 mol/kg sc), an HO-1 inhibitor, partially abrogated protection by EDHB against ALT release, necrosis, and mitochondrial depolarization. In conclusion, IR causes the MPT and mitochondrial dysfunction, leading to hepatocellular death. PHI prevents MPT onset and liver damage through an effect mediated partially by HO-1. ethyl 3,4-dihyroxybenzoate; heme oxygenase; hepatic ischemia-reperfusion; mitochondrial permeability transition; prolyl hydroxylase inhibitor ISCHEMIA-REPERFUSION (IR) injury to the liver occurs in trauma, hemorrhagic and cardiac shock, vascular diseases, and hepatic surgery, including tumor resection and liver transplantation. A variety of pathophysiological processes likely contribute to development of IR injury. Reactive oxygen species (ROS) play a critical role in the injury caused by IR (18, 36, 57) . ROS not only directly damage cell membranes, DNA, and protein; they also trigger formation of toxic cytokines and increase adhesion molecules leading to inflammatory responses, tissue damage, and multiple organ failure (1, 10, 17, 41) . Recently, growing evidence supports an important role of the mitochondrial permeability transition (MPT) in cell injury after IR (24, 25, 45, 58) . The mitochondrial membrane potential collapses when the MPT occurs, leading to failure of ATP synthesis, release of cytochrome c, and cell death (24, 25, 55) . ROS cause opening of MPT pores (22, 31, 43, 59) .
ISCHEMIA-REPERFUSION (IR) injury to the liver occurs in trauma, hemorrhagic and cardiac shock, vascular diseases, and hepatic surgery, including tumor resection and liver transplantation. A variety of pathophysiological processes likely contribute to development of IR injury. Reactive oxygen species (ROS) play a critical role in the injury caused by IR (18, 36, 57) . ROS not only directly damage cell membranes, DNA, and protein; they also trigger formation of toxic cytokines and increase adhesion molecules leading to inflammatory responses, tissue damage, and multiple organ failure (1, 10, 17, 41) . Recently, growing evidence supports an important role of the mitochondrial permeability transition (MPT) in cell injury after IR (24, 25, 45, 58) . The mitochondrial membrane potential collapses when the MPT occurs, leading to failure of ATP synthesis, release of cytochrome c, and cell death (24, 25, 55) . ROS cause opening of MPT pores (22, 31, 43, 59) .
Low oxygen tension elicits a variety of complex cellular responses by altering the activity of many signaling pathways, such as AMP kinase, mammalian target of rapamycin, and oxygen-dependent proline hydroxylase-domain containing enzymes (PHD, prolyl hydroxylases). Reduction of PHD activity during hypoxia leads to stabilization and accumulation of hypoxia-inducible factor-1␣ (HIF-1␣), a transcription factor that regulates the expression of target genes in response to hypoxia. Several studies have found that PHD inhibitors (PHI) recapitulate various cellular responses to hypoxia and preconditioning stimuli. These include HIF-1␣ stabilization, induction of hypoxia-inducible genes [e.g., heme oxygenase 1 (HO-1) and GLUT-1], stimulation of angiogenesis, and protection against metabolic stress (3, 42, 50, 52) . Although upregulation of the HIF-1␣ target gene HO-1 was reported to protect liver from IR injury (2, 40) , it is unknown, however, whether increased HIF-1␣ or HO-1 can prevent onset of the MPT after IR in vivo.
Study of mitochondrial dysfunction and the MPT in vivo has been difficult. Developments in intravital confocal/multiphoton microscopy in recent years provide novel approaches to visualize mitochondrial depolarization and onset of the MPT in live animals (45, 58) . Therefore, this study investigated the potential of pharmacological activation of the PHD/HIF-1␣ pathway by a cell-permeable PHI, ethyl-3,4 dihydroxybenzoate (EDHB), to prevent mitochondrial dysfunction after warm IR in vivo using novel intravital confocal/multiphoton microscopic techniques.
MATERIALS AND METHODS
Animals. Male C57Bl/6 (8 -9 wk) mice were pretreated with EDHB (100 mg/kg ip; Sigma, St. Louis, MO) or an equivalent volume of DMSO daily for 3 days prior to surgery. Under ether anesthesia, body temperature was maintained at ϳ37°C with warming lamps. Hepatic ischemia was induced by clamping the artery and portal vein to the top three lobes of the liver (i.e., ϳ70% of total liver). Thirty minutes to 1 h later, the ischemic liver was reperfused by opening the vascular clamp. In some mice, Sn(IV) protoporphyrin IX dichloride (SnPP, 10 mol/kg sc, Frontier Scientific, Logan, UT) was prepared as described elsewhere (51) and injected 1 h before ischemia to inhibit HO-1 (Fig. 1A) . SnPP at doses of 3 mol/kg or higher completely inhibits HO-1 activity (51) . A timeline for the EDHB and SnPP treatments, the ischemia-reperfusion procedure and sample collection is shown in Fig. 1A . N-methyl-4-isoleucine cyclosporin (NIM811), a nonimmunosuppressive derivative of cyclosporin A, was given to some mice (20 mg/kg ig) 1 h before surgery to inhibit onset of the MPT (46) . All animals were given humane care in compliance with institutional guidelines using protocols approved by the Institutional Animal Care and Use Committee.
Serum transaminase and total bilirubin. Before ischemia and at 2 and 6 h after reperfusion, mice were anesthetized with pentobarbital (80 mg/kg ip), and blood samples were collected from the vena cava. Serum alanine aminotransferase (ALT) activity and bilirubin were determined using analytical kits from Pointe Scientific (Uncoln Park, MI).
Histology and immunohistochemical staining for hypoxia inducible factor-1␣ and 4-hydroxynonenal. Livers were harvested under pentobarbital anesthesia (80 mg/kg ip), and slides were prepared as described elsewhere (58) . Liver sections stained with hematoxylin-eosin were imaged using a Universal Imaging Image-1/AT image acquisition and analysis system (West Chester, PA) incorporating an Axioskop 50 microscope (Carl Zeiss, Thornwood, NY) and a ϫ10 objective lens, and necrotic areas were quantified by image analysis in a blinded manner (56) .
Hypoxia inducible factor-1␣ (HIF-1␣) expression in liver sections was determined by immunohistochemical staining. Briefly, sections were deparaffinized with xylene (Mallinckrodt Baker, Paris, KY) and taken through a graded series of alcohol/water mixtures to rehydrate the tissue (58) . Sections were incubated with 10 mM citric acid buffer (pH 6.0) at 95-100°C for 20 min to retrieve antigen. Sections were then exposed to anti-HIF-1␣ monoclonal antibody (1:1,000 dilution) in 0.1 M phosphate buffer (pH 7.1) containing 0.1% Tween-20 and 1% bovine albumin (Sigma, St. Louis, MO) overnight at 4°C. Peroxidase-conjugated anti-mouse IgG 1 antibody (DAKO, Carpinteria, CA) was applied, and then 3,3Ј-diaminobenzidine chromogen was added as the peroxidase substrate. 4-Hydroxynonenal (4-HNE) adducts, a marker of lipid peroxidation (11), were detected immunohistochemically (56) .
Western blotting. HIF-1␣ was not detectable by Western blotting in whole liver extracts, probably because the transcription factor is present in very low levels even when induced by hypoxia. Accordingly, we used nuclear extracts that were prepared from livers as previously described (14) . Nuclear extracts were subjected to electrophoresis, as described below, and HIF-1␣ protein was assessed using standard immunoblotting procedures (Santa Cruz, Lexington, KY).
To detect HO-1, liver tissue was homogenized in 0.1% Triton X-100 buffer containing protease and phosphatase inhibitors, and the extract was centrifuged at 14,000 g for 15 min at 4°C. Aliquots of supernatant (40 g of protein) were separated on 4 -12% SDS-PAGE gels, transferred onto nitrocellulose membranes, and immunoblotted with primary antibodies (Affinity Bioreagents, Golden, CO) specific for HO-1 (1:1,000 overnight at 4°C). Horseradish peroxidase-conjugated secondary antibodies were applied, and detection was by chemiluminescence (ECL, Amersham).
Detection of thiobarbituric acid reactive substances. Liver tissue was homogenized in 50 mM phosphate buffer (pH 7.4). Formation of malondialdehyde, a product of lipid peroxidation, was determined as thiobarbituric acid reactive substances (TBARS) using 1,1,3,3,-tetraethoxypropane (Science Lab, Houston, TX) as a standard (21) . Protein in the liver homogenates was determined by using a Bio-Rad Protein Assay reagent (Bio-Rad Laboratories, Hercules, CA).
Intravital confocal and multiphoton microscopy. Rhodamine 123 (Rh123, Sigma, St. Louis, MO), a cationic fluorophore that is taken up by polarized mitochondria in response to their negative membrane potential, was used to monitor mitochondrial polarization after hepatic IR. At 2 h after reperfusion or sham operation, mice were anesthetized Fig. 1 . Ethyl 3,4-hydroxybenzoate (EDHB) activates hypoxia inducible factor (HIF)-1␣, upregulates heme oxygenase-1 (HO-1), and protects against hepatic necrosis after hypoxiareperfusion. A: timeline shows the sequence of EDHB and Sn(IV) protoporphyrin IX dichloride (SnPP) treatments, the ischemia-reperfusion (IR) procedure, and sample collection. MPT, mitochondrial permeability transition; ROS, reactive oxygen species; ALT, alanine aminotransferase. B: mice were pretreated with EDHB (100 mg/kg ip) or an equivalent volume of DMSO. Livers were harvested 4 h after EDHB treatment without hypoxia-reperfusion, and HIF-1␣ (120 kDa) was detected by Western blotting in nuclear extracts. C: mice were pretreated with EDHB daily for up to 3 days. Livers were harvested 16 h after 1 dose of EDHB or 24 h after 1 day and 3 days of EDHB treatment without hypoxia-reperfusion. HO-1 (32 kDa) was detected by Western blotting. D: mice were pretreated with EDHB daily for 3 days. Livers were harvested 2 h after reperfusion following 1 h of ischemia. HO-1 was detected by immunoblotting. Representative Western blot images are shown in B, C, and D (n ϭ 3-4 in each group). E: mice were pretreated with EDHB or DMSO daily for 3 days prior to liver ischemia for 0.5 or 1 h followed by reperfusion, as described in MATERIALS AND METHODS. At 6 h after reperfusion, livers were fixed, sectioned, and stained with hematoxylin and eosin. Representative images are shown (n ϭ 4 in each group). Left, 0.5 h of ischemia; right, 1 h of ischemia. Top, sham operation; middle, ischemia-reperfusion; bottom, ischemia-reperfusion ϩ EDHB treatment. Bar is 100 m.
with pentobarbital (80 mg/kg ip) and connected to a small animal ventilator via tracheotomy and a respiratory tube (20-gauge catheter). Rh123 (2 mol/mouse) and propidium iodide (PI, 0.04 mol/mouse), which labels nuclei of nonviable cells, were infused via polyethylene (PE10) tubing inserted into the carotid artery over 10 min.
MPT pore opening was assessed using calcein acetoxymethyl ester (calcein-AM) (5) . When calcein-AM enters cells, esterases cleave it to form calcein-free acid. Because mitochondria are normally impermeant to calcein, calcein fluoresces in the cytosol but not in mitochondria, which appear as dark voids. These voids disappear after onset of the MPT as calcein, a 623-Da solute, gains entrance to the mitochondrial matrix space through MPT pores (35) . At 2 h after reperfusion or sham operation, calcein-AM (1 mg/mouse) was injected slowly into the rectal vein. To prevent biliary excretion of calcein, an anion channel inhibitor, bromosulfophthalein (6.6 mol/ mouse), was injected into the rectal vein 5 min before calcein-AM.
For intravital confocal microscopy, laparotomized mice were put in a prone position over a coverslip mounted on the stage of CARV spinning disk confocal microscopic system (ATTO Bioscience, Rockville, MD) with a ϫ40 water immersion objective lens (Zeiss CApochromat, 1.2 numerical aperture) using excitation wavelengths of 488 and 555 nm, respectively, and a multiwavelength emission filter. During image acquisition, the respirator was turned off for ϳ5 s to eliminate breathing movement artifacts. In 10 fields per mouse, parenchymal cells were scored in a blinded fashion for bright punctate Rh123 fluorescence representing cells with polarized mitochondria or a dimmer diffuse cytosolic fluorescence representing cells with depolarized mitochondria. Nonviable PI-positive cells, indicated by red nuclear fluorescence, were also counted.
Mitochondrial depolarization and onset of the MPT were also detected in some mice by intravital multiphoton microscopy which can achieve higher resolution of images and deeper penetration into the tissue (30) . Intravital multiphoton microscopy was performed using a laser scanning confocal/multiphoton microscopic system (Zeiss LSM510; Zeiss, Thornwood, NY) with a ϫ63 water-immersion objective lens. Fluorescence of Rh123 and PI was imaged with excitation wavelengths of 820 and 500 -550 nm and 650-to 710-nm band pass emission filters, respectively. For imaging of calcein, an excitation wavelength of 720 nm and a 500-to 550-nm band pass emission filter were used. Approximately 10 randomized images throughout the liver were collected from each mouse.
Statistical analysis. All groups were compared by ANOVA plus Student-Newman-Keuls post hoc test, Student's t-test, or KaplanMeier test, as appropriate. Values are means Ϯ SE. Differences were considered significant at P Ͻ 0.05.
RESULTS

EDHB induces HIF-1␣ and HO-1 protein levels after hepatic IR.
Broad spectrum PHIs, including EDHB, stabilize and activate HIF-1␣ in vitro (39, 54) . However, the pharmacokinetics of EDHB in vivo have not been reported, so it was important to show that the EDHB dosing protocol used in these studies was sufficient to activate the PHD pathway in liver. Previously, we found that HIF-1␣ protein accumulation is maximal after ϳ4 h of EDHB treatment in cultured myocytes (42) , so this time point was selected to establish HIF-1␣ accumulation in liver after EDHB treatment (Fig. 1A) . Nuclear extracts from the livers of EDHB-treated mice had elevated HIF-1␣ compared with vehicle-treated animals which showed no detectable HIF-1␣ (Fig. 1B) . Similarly, HIF-1␣ was undetectable in the nuclei of hepatocytes after immunohistochemical staining of liver sections from vehicle-treated mice. By contrast, 4 h after EDHB treatment, nuclear HIF-1␣ staining increased markedly and was maintained at higher levels after 1 and 2 days of EDHB treatment (data not shown).
To ensure that the EDHB-induced HIF-1␣ accumulation we observed was sufficient to drive the expression of target genes in the liver, the levels of HIF-1␣-inducible HO-1 were examined. A basal level of HO-1 protein was detected in livers of mice not exposed to EDHB (Fig. 1C) . HO-1 increased at 24 h after the first dose of EDHB and remained elevated after three daily doses of EDHB (Fig. 1, A and C) . HO-1 levels after sham operation were similar to untreated mice but increased after 1-h ischemia plus 2-h reperfusion (Fig. 1, A and D) . HO-1 increased to a higher level in the EDHB-treated group compared with the vehicle-treated group at 2 h after reperfusion (Fig. 1D) .
HO-1 catalyzes the breakdown of heme into biliverdin, which is further converted to bilirubin (32) . Serum bilirubin concentration was 0.19 Ϯ 0.028 mg/dl in mice receiving vehicle but increased to 0.52 Ϯ 0.011 mg/dl after 3 days treatment with EDHB (means Ϯ SE, P Ͻ 0.01, n ϭ 4 per group), consistent with upregulation of HO-1. These data indicate that in vivo EDHB treatment activates the PHD pathway and increases expression of HIF-1␣ target genes in liver.
EDHB treatment prevents liver injury and improves survival after hepatic IR. No pathological changes were observed in liver tissue after sham operation (Fig. 1E, top) . Focal necrosis occurred after 0.5-h ischemia plus 6 h of reperfusion (Fig. 1E , middle left). Necrotic areas became panlobular after 1-h ischemia plus 6 h of reperfusion (Fig. 1E, middle right) , but necrosis was barely discernable at 2 h after reperfusion (data not shown). After EDHB pretreatment, necrosis was rarely detectable after 0.5-h ischemia plus 6-h reperfusion (Fig. 1E , bottom left) and decreased markedly in livers after 1-h ischemia plus 6 h of reperfusion compared with the vehicle-treated livers (Fig. 1E, bottom right) .
Before ischemia, serum ALT was ϳ35 U/l. At 6 h after reperfusion, ALT increased to ϳ7,000 and ϳ25,000 U/l in livers exposed to 0.5-h and 1-h ischemia, respectively ( Fig. 2A) . EDHB decreased ALT to ϳ600 and 3,000 U/l in livers exposed to 0.5-h ischemia and 1-h ischemia, respectively, which reflects a ϳ90% decrease compared with livers without EDHB treatment ( Fig. 2A) . These results indicate that EDHB markedly decreases hepatic IR injury.
All mice survived after sham operation (data not shown) and 0.5-h ischemia plus reperfusion (Fig. 2B) . Survival decreased to 10% after 1-h ischemia plus reperfusion (Fig. 2B) . Death occurred mainly in the first 18 h after reperfusion (Fig. 2B) . By contrast, in EDHB-pretreated mice, survival was 70% after 1-h ischemia plus reperfusion (Fig. 2B) .
Mitochondrial depolarization occurs after hepatic IR: prevention by EDHB. If the MPT occurs, mitochondria will depolarize. To detect whether mitochondrial depolarization occurs after hepatic IR in vivo, we performed intravital multiphoton fluorescent microscopy to image liver cell mitochondria using Rh123, a fluorophore that is taken up by polarized mitochondria. In sham-operated mice, green Rh123 fluorescence was punctate in virtually all hepatocytes, indicating mitochondrial polarization (Fig. 3, top left) . By contrast, mitochondria in many hepatocytes did not take up Rh123 at 2 h of reperfusion after 1-h ischemia (Fig. 3, middle left) . Importantly, mitochondrial depolarization was rare in the livers of EDHB-treated animals (Fig. 3, bottom left) .
Calcein, a fluorophore that loads into the cytosol, outlined mitochondria as dark voids in the hepatocytes from shamoperated mice (Fig. 3, top right) . These voids disappeared at 2 h after reperfusion (Fig. 3, middle right) . Since calcein gains entrance to the mitochondrial matrix space only when MPT pores open, disappearance of voids indicated onset of the MPT. This new finding shows directly that the MPT occurs in vivo and is a sequel of IR insult to the liver. Furthermore, EDHB effectively prevented onset of the MPT in vivo (Fig. 3, bottom  right) .
HO-1 partly mediates protective effects of EDHB on hepatic IR injury. Expression of HO-1, a HIF-1 responsive gene, was induced in liver by EDHB treatment (Fig. 1, C and D) . Accordingly, we investigated whether HO-1 mediates the protection conferred by EDHB on hepatic injury after 1 h of ischemia followed by reperfusion. Massive hepatic necrosis of 75% occurred 6 h after IR (Fig. 4A) , which was markedly attenuated by EDHB to 5% (Fig. 4A) . By contrast, in mice given SnPP, a specific inhibitor of HO-1, protection of EDHB on necrosis was partly abrogated, and necrosis increased from 5 to 44% (Fig. 4A) .
At 6 h after reperfusion, ALT increased to 22,000 U/l in livers exposed previously to 1-h ischemia (Fig. 4B) . EDHB decreased ALT by 86% (Fig. 4B) . By contrast, in mice pretreated with SnPP, EDHB decreased ALT only by 43% (Fig.  4B) . These results indicate that HO-1 participates in, but does not fully account for, the protective effect of EDHB on hepatic IR injury.
SnPP decreases protection by EDHB against mitochondrial depolarization. ROS trigger onset of the MPT (22, 31, 43, 59 ), and the protective effects of HO-1 have been suggested to be due to antioxidant effects (32) . Therefore, the question of the involvement of HO-1 in protection against mitochondrial depolarization was investigated. Mitochondrial depolarization and cell death were detected in living mice by use of a CARV spinning disc confocal microscopic system. The CARV microscope, unlike the laser scanning confocal/multiphoton microscope, permits video frame rate imaging, making movement artifacts less of a problem although resolution is less than with multiphoton microscopy. We used green-fluorescing Rh123 to monitor mitochondrial polarization and red-fluorescing PI to detect the nuclei of nonviable cells.
In sham-operated mice, green Rh123 fluorescence was punctate in virtually all hepatocytes, indicating mitochondrial polarization (Fig. 5, top left) , and red PI staining in nuclei was negligible (Fig. 5, top middle) . At 2 h after IR, mitochondria of 72% of hepatocytes did not take up Rh123 (Fig. 5, 2nd row left  and Fig. 6 ). Despite the absence of mitochondrial polarization, the majority of hepatocytes maintained membrane integrity as indicated by lack of nuclear PI staining, and only 2% of parenchymal and nonparenchymal cells took up PI (Fig. 5, 2nd row middle). In some cells, Rh123 fluorescence was relatively bright but diffuse, possibly indicating the recent depolarization of mitochondria and release of mitochondrial Rh123 into the cytosol. These results indicated that at 2 h after hepatic IR, mitochondrial depolarization had occurred in most hepatocytes and that this event preceded hepatocyte death. NIM811 largely prevented mitochondrial depolarization, further confirming that mitochondrial depolarization after IR was caused by onset of the MPT (Fig. 5, 3th row left) . Importantly, mitochondrial depolarization was decreased to 16% by EDHB (Figs. 5, 4th row left, and 6). By contrast, in mice pretreated with SnPP to inhibit HO-1, EDHB protection against mitochondrial depolarization was reverted, and 51% of hepatocytes displayed depolarized mitochondria (Figs. 5, 5th row left, 6 ). These results indicated that activation of the oxygen-sensing signal pathway prevented mitochondrial depolarization and that this effect was mediated, in part, by upregulation of HO-1.
SnPP diminished protective effects of EDHB on hepatic lipid peroxidation. Hepatic IR increases ROS (34, 57) , and HO-1 increases production of antioxidant biliverdin and bilirubin (32) . Therefore, we investigated the effects of EDHB and SnPP on production of ROS. Adducts of 4-HNE, a product of lipid peroxidation (11), were barely detectable in livers from shamoperated mice with and without EDHB treatment (Fig. 7, top) . 4-HNE adducts increased markedly 2 h after hepatic IR (Fig. 7,  middle left) , which was largely blocked by EDHB treatment (Fig. 7, middle right) . SnPP alone did not significantly alter 4-HNE adduct formation after hepatic IR (data not shown). By contrast, in SnPP-treated mice prevention of 4-HNE adduct formation by EDHB was partially blunted by inhibition of HO-1 with SnPP (Fig. 7, bottom left) , indicating that prevention of ROS formation after hepatic IR by EDHB is mediated, in part, by upregulation of HO-1.
The effects of EDHB and SnPP on production of ROS were further evaluated by detection of malondialdehyde, a product of lipid peroxidation, as TBARS (21) . TBARS was ϳ0.9 nmol/mg protein in livers from vehicle-or EDHB-treated mice that had undergone sham operation (Fig. 7, bottom right) . TBARS increased sixfold in vehicle-treated mice at 2 h after IR but only increased 1.3-fold in EDHB-treated mice. Suppression of Fig. 2 . EDHB protects against alanine aminotransferase release and improves survival after hepatic ischemia-reperfusion. Mice were pretreated with EDHB or DMSO daily for 3 days prior to liver IR, as described in Fig. 1 . Blood samples were collected at 6 h after reperfusion for ALT (A). Nonischemic liver tissue was removed immediately after ischemia for observation of survival (B). Group sizes were 4 -5 livers per group. a P Ͻ 0.05 vs. sham operation; b P Ͻ 0.05 vs. corresponding ischemia group (isch).
TBARS formation by EDHB was partially blunted by inhibition of HO-1 with SnPP (Fig. 7, bottom right) .
DISCUSSION
Activation of the oxygen-sensing signal cascade increases HIF-1␣ in the liver and prevents liver IR injury.
Recently, a family of oxygen-dependent PHDs has been identified as a cellular oxygen-sensing mechanism (4). During hypoxia, decreased PHD activity initiates a signaling cascade that includes the accumulation and activation of HIF-1␣, a transcription factor that plays a crucial role in mediating cellular responses to low oxygen tension. The DNA-binding complex of HIF is a heterodimer of HIF-1␣ and HIF-1␤ subunits (Fig. 8) (47, 48) , and the former is the target of the oxygen-sensitive signaling pathway. Under normoxic conditions, HIF-1␣ subunits have a short half-life and low steady-state levels due to continuous proteolytic degradation (Fig. 8) (19, 20) . Oxygen availability enables PHD-dependent prolyl hydroxylation of the HIF-1␣, thus allowing binding of the von Hippel Lindau tumor suppressor protein-E3 ubiquitin ligase (pVHL), leading to ubiquitination and degradation of HIF-1␣ subunits (Fig. 8) (4) . In hypoxia, the PHD enzymes are inactive, resulting in stabilization and accumulation of HIF-1␣, which forms a DNA-binding heterodimer with HIF-1␤ (4). Cell-permeable PHI inhibits PHDs, thus increasing HIF-1␣, which in turn regulates the expression of numerous genes (Fig. 8) .
In this study, we investigated whether suppression of PHDs conferred protection against hepatic IR injury. We found that EDHB, a PHI, effectively upregulated HIF-1␣ levels in vivo and induced expression of the HIF-1␣ responsive gene, HO-1 (Fig. 1) . Accordingly, we used EDHB to inhibit PHD and activate the HIF-1␣-dependent oxygen-sensing pathway rather than other approaches, such as siRNA, that are less amenable to clinical application. After IR, severe liver injury (marked ALT release and hepatic necrosis) occurred, and survival decreased to 10% ( Fig. 1 and 2 ). Liver injury and increased mortality were blunted by EDHB by more than 80% ( Fig. 1  and 2 ). These data indicate that activation of the oxygensensing cascade with PHI effectively prevents hepatic IR injury and suggest a pharmacological strategy to protect liver tissue in instances where IR injury is anticipated, such as prior to liver resection and transplantation.
The MPT occurs after IR in vivo: prevention by activation of the oxygen-sensing signal cascade. Energy supply is critical for cell survival. The MPT onset is an important mechanism leading to mitochondrial dysfunction (59) . MPT pores are highly conductive, nonselective "megachannels" in the mitochondrial membranes. The exact molecular composition of MPT pores remains unclear. In one model, MPT pores are composed of the adenine nucleotide translocator, the voltagedependent anion channel, cyclophilin D, and ancillary proteins (33) , whereas in an alternative model, aggregation of damaged, misfolded integral membrane proteins in association with cyclophilin D and other molecular chaperones forms MPT pores (16) . Onset of the MPT leads to mitochondrial membrane Fig. 3 . EDHB prevents mitochondrial depolarization and onset of the mitochondrial permeability transition after hepatic ischemia-reperfusion. Mice were pretreated with EDHB or DMSO daily for 3 days prior to 1 h of liver ischemia. At 2 h after reperfusion, rhodamine 123 (Rh123) and propidium iodide (PI) were infused, and intravital multiphoton microscopy was performed as described in MATERIALS AND METHODS. Representative images are shown. Left, Rh123; right, PI. Top, sham operation; middle, ischemia-reperfusion; bottom, ischemiareperfusion plus EDHB treatment. Bar is 20 m.
potential collapse, failure of oxidative phosphorylation, and necrotic cell death (24, 25, 55) . Uncoupling of oxidative phosphorylation after the MPT may also stimulate ROS production (59), thus causing a vicious cycle. In addition, the MPT causes large amplitude swelling and release of cytochrome c from the intermembrane space, which triggers apoptosis (22, 55) .
Growing evidence from in vitro studies indicates that MPT onset is a common pathway of cell necrosis and apoptosis in IR injury (24, 25) . For example, in cultured hepatocytes, IR induces opening of MPT pores, leading to mitochondrial inner membrane permeabilization, depolarization, and large-amplitude swelling (24, 25, 38) . In isolated perfused rat heart and cultured myocytes, sanglifehrin-A and cyclosporin A, which suppress MPT pore opening, protect against IR injury (15, 26) . Clearly, the MPT onset plays an important role in IR injury in vitro.
Evidence of the MPT onset in vivo is rare since detection of the MPT in live animals has been difficult. However, recent developments in fluorescent probes and confocal/multiphoton microscopy make monitoring the MPT in vivo possible (45, 58) . In this study, we detected changes of mitochondrial polarization, cell death, and onset of MPT after hepatic IR in live mice using novel intravital confocal/multiphoton microscopic techniques. At 2 h after reperfusion, mitochondria depolarization, as indicated by loss of Rh123 fluorescence, occurred in many viable hepatocytes (Figs. 3 and 5) . Calcein, a cytosolic flurophore, entered mitochondria after IR, indicating onset of the MPT (Fig. 3) . NIM811, a specific inhibitor of the MPT, largely blocked mitochondria depolarization (Fig. 5) . These data showed directly that the MPT not only occurs in vitro but also occurs in vivo after warm IR and that this event precedes cell death. Interestingly, time courses of MPT onset and cell death appear to be different for livers in vivo compared with cultured hepatocytes in vitro. In cultured hepatocytes, mitochondrial depolarization and cell death occur within about an hour of reperfusion (25, 27) . By contrast in livers in vivo, mitochondrial depolarization becomes maximal in ϳ2 h and remains high until 4 h after reperfusion. Onset of cell death then follows and reaches maximal after 6 h (45). These findings indicate a slower rate of MPT onset and cell death in vivo in whole liver compared with in vitro in cultured hepatocytes. The basis for this difference remains unknown. In the present study, mitochondria of ϳ70% of hepatocytes depolarized at 2 h after reperfusion but cell death was still rare (Figs. 1 and 5 ), whereas after 6 h cell death was overt (Fig. 1) . Importantly, activation of oxygen-sensing signaling cascade by EDHB effectively prevented the MPT onset and mitochondrial depolarization after hepatic IR (Figs. 3 and 5 ). This effect of EDHB was associated with substantially decreased cell death at later time points (Fig. 2) . These findings suggest that activation of oxygen-sensing signaling cascade minimizes IR injury, most likely by preventing mitochondrial dysfunction. Figs. 1  and 2 ). HIF-1␣ activates the expression of a variety of genes that mediate a myriad of compensatory responses, including upregulation of anaerobic glycolytic metabolism, increases of glucose transporter (GLUT-1) and erythropoietin expression, stimulation of angiogenesis, and induction of HO-1 (3, 50, 52) . In addition to HIF-1␣, PHDs also directly hydroxylate other targets to effect HIF-1␣-independent cellular changes (8, 9, 28) . Cell-permeable broad spectrum PHIs induce changes in gene expression and cellular responses in normoxia that closely follow those observed with authentic hypoxia. A remarkable concordance in changes of expression of hundreds of genes was noted between PHI treatment and hypoxia exposure in cultured cells (9) .
Protection of PHI against the MPT and IR injury is mediated, in part, by upregulation of HO-1. Inhibition of PHD leads to increased HIF-1␣ and decreased hepatic IR injury (
HIF-1␣ mediates transcriptional activation of the HO-1 gene in response to hypoxia (29) . HO-1 protects against IR injury in many organs. For example, inhibition of HO-1 with SnPP increases renal dysfunction after IR (13) . Induction of HO-1 expression by tetramethylpyrazine attenuates rat myocardial infarction after IR (6) . Induction of HO-1 protects neurons against transient forebrain ischemia (44). In the liver, upregulation of HO-1 confers protection against warm IR injury (2) and improves survival and graft function after rat liver transplantation (40) . Although upregulation of HO-1 was reported to protect liver from IR injury in some studies, opposite results also exist. For example, higher level of HO-1 in human livers before transplantation correlates with graft injury and poorer liver function after transplantation (12) . In this study, we observed an increase of HO-1 after PHI treatment (Fig. 1) , which was associated with decreased hepatic IR injury (Figs. 1  and 2 ). Inhibition of HO-1 reversed the protection of EDHB on hepatic IR injury by ϳ55% (Fig. 4) . These data indicate that activation of oxygen-sensing signal cascade confers protection to hepatic IR injury, in part, by upregulation of HO-1. The rest of protection by EDHB might conferred by upregulation of Fig. 4 . HO-1 mediates protection of EDHB against hepatic ischemia-reperfusion injury. Mice were pretreated with EDHB daily for 3 days. Some mice were pretreated with SnPP, a specific inhibitor of HO-1, 1 h before surgery. After 1 h of ischemia and 6 h of reperfusion, livers were harvested for histology, as described in MATERIALS AND METHODS. Five random fields per slide were captured in a blinded manner, and necrotic areas were quantified by image analysis using the IPlab 3.7v software (BD Biosciences, Rockville, MD) by dividing the necrotic areas by the total cellular area of the images (A). Blood samples were collected at 6 h after reperfusion for ALT measurement (B). Group sizes were 4 -5 livers per group. a P Ͻ 0.05 vs. sham operation; b P Ͻ 0.05 vs. corresponding ischemia-reperfusion group; c P Ͻ 0.05 vs. corresponding ischemia-reperfusion group pretreated with EDHB.
other HIF-1␣ responsive genes such as erythropoietin, which increases modestly by EDHB (23), or by other direct targets of oxygen-sensing PHDs besides HIF-1␣, such as activation of NF-B (8) . The specific roles of HIF-1␣ responsive genes other than HO-1 in protection against IR injury by EDHB will need to be evaluated in future studies.
Although upregulation of HO-1 was reported to protect liver from IR injury in some studies (2, 40) ; it is unknown, however, whether HO-1 works by prevention of the MPT onset after IR. In this study, we used intravital confocal/multiphoton microscopy techniques to investigate the effects of HO-1 on the MPT and mitochondrial depolarization in vivo. We found that protection of EDHB on hepatic IR injury was associated with prevention of the MPT and mitochondrial depolarization ( Fig.  3 and 5) , and this effect was partly reversed by inhibition of HO-1 with SnPP (Fig. 5) . These data suggest that upregulation of HO-1 mediates, at least in part, the prevention of the MPT by EDHB. HO-1 protein is normally expressed in both microsomes and inner mitochondrial membranes (7) . Inducers of HO-1 increase HO-1 targeting to the inner mitochondrial membrane, which is associated with a decrease of mitochondrial heme content and a reduction of NO-dependent mitochondrial oxidant production (7). Therefore, mitochondrial HO-1 may have important biological functions in regulating mitochondrial heme protein turnover and in protecting against conditions such as IR injury in which mitochondrial production of ROS substantially increases.
ROS cause opening of MPT pores ( Fig. 8) (22, 31, 43, 59 ). Previously, we showed that free radical production increases within 1 h after reperfusion following hepatic warm ischemia (57) . In the present work, we showed additionally that lipid peroxidation increased at this early stage after reperfusion (Fig. 7) . This finding is consistent with the conclusion that ROS formation contributes to MPT onset rather than the MPT causing ROS formation. HO-1 catalyzes the breakdown of heme into biliverdin, carbon monoxide, and iron ( Fig. 8) (32) . Biliverdin is converted to bilirubin, a potent antioxidant, and carbon monoxide functions as a signaling molecule (32, 53) . Consistent with HO-1 upregulation, serum bilirubin increased after EDHB pretreatment. Carbon monoxide inhibits ROS production in lung endothelial cells, thus inhibiting Bid activation and the expression and mitochondrial translocation of Bax, events that induce the MPT (37, 49) . Therefore, HO-1-dependent inhibition of ROS production may be responsible for suppressing onset of the MPT (Fig. 8) . Consistent with an antioxidant role for HO-1 and bilirubin, EDHB pretreatment in the present study attenuated lipid peroxidation after hepatic IR, and inhibition of HO-1 by SnPP partly reversed the protective effects by EDHB, indicating a role for HO-1 in either Fig. 5 . Heme oxygenase-1 mediates protection of EDHB against mitochondrial depolarization after hepatic hypoxiareperfusion. After 1 h of ischemia and 2 h of reperfusion, Rh123 and PI were infused, and intravital confocal microscopy was performed as described in MATERIALS AND METHODS. Representative images are shown. Left, Rh123; middle, PI; right, overlay. Rows: 1st, sham operation; 2nd, ischemia-reperfusion; 3rd, ischemia-reperfusion plus NIM811 treatment; 4th, ischemiareperfusion plus EDHB treatment; 5th, ischemia-reperfusion plus EDHB and SnPP treatment. Bar is 20 m.
decreasing ROS production or enhancing ROS scavenging (Fig.  7) . These data suggest that EDHB may prevent mitochondrial depolarization by HO-1-dependent inhibition of ROS formation, as illustrated schematically in Fig. 8 .
Taken together, this study shows directly that the MPT occurs in vivo after warm IR to liver. Activation of the oxygen-sensing signal cascade by PHI very potently prevents onset of the MPT and IR injury. These effects are mediated, at least in part, by increased HIF-1␣, upregulation of HO-1, and decreased ROS formation (Fig. 8) . Thus PHIs such as EDHB might prove useful clinically to decrease or eliminate IR injury associated with liver surgery and transplantation. c P Ͻ 0.05 vs. corresponding ischemia-reperfusion group pretreated with EDHB. Fig. 8 . Working hypothesis for EDHB protection against hepatic ischemiareperfusion injury. Hepatic ischemia-reperfusion increases production of reactive oxygen species (ROS), which trigger onset of the MPT and cell death. The prolyl hydroxylase domain-containing enzyme inhibitor, EDHB, inhibits HIF-1␣ degradation by ubiquitination and proteosomal degradation. Consequently, HIF-1␣ increases and upregulates expressin of HO-1, which produces the antioxidants bilirubin and biliverdin, thus blocking ROS-induced MPT onset and liver injury. SnPP partially abrogates the protective effects of EDHB by inhibiting HO-1. pVHL, von Hippel Lindau tumor suppressor protein-E3 ubiquitin ligase. Malondialdehyde, a product of lipid peroxidation, was determined as thiobarbituric acid reactive substances (TBARS) (bottom right). Group sizes were 4 livers per group. a P Ͻ 0.05 vs. sham operation;
b P Ͻ 0.05 vs. ischemia-reperfusion group; c P Ͻ 0.05 vs. ischemia-reperfusion group pretreated with EDHB.
